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[Abstract] Osteoporosis and cardiovascular calcification, two major age-related chronic diseases that China is
confronting today, pose serious threats to public health. Previous studies have reported overlapping connections in the
pathological processes and molecular mechanisms of these two diseases, particularly concerning inflammation, oxidative
stress, and dysregulation of mineral metabolism, and that these two diseases tend to share common pathogenic factors.
However, research exploring the comorbidity mechanisms of the two diseases remains limited in both depth and scope,
largely due to the lack of widely accepted comorbidity animal models. Herein, we analyzed the latest research findings on
the comorbidity mechanisms of vascular calcification and osteoporosis, focusing on summarizing the animal disease
models currently in extensive use and the relevant evaluation criteria. We aim to provide new references for comorbidity
research models and offer scientific evidence for future studies on pathological mechanisms and the development of new
therapeutic strategies.
Vascular calcification Animal models Review
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Table 1 Animal research models of osteoporosis
Model Method Pathogenic mechanism Disease Mpzdrf(l)lélg Reference
Classical model Ovariectomy Ovariectomy is performed to mimic postmenopausal estrogen ~ Osteoporosis 4-12 weeks [22-24]
(rat/mouse) deficiency-induced bone loss.
Glucocorticoids Glucocorticoids inhibit osteoblast proliferation and function, ~ Osteoporosis 8 weeks [25]
reducing bone matrix synthesis.
Tail suspension The tail is suspended to mimic reduced mechanical loading Bone metabolism  4-12 weeks [26]
and gravity effects in aging, leading to bone loss.
Classical model Ovariectomy Ovariectomy is performed to mimic postmenopausal estrogen ~ Osteoporosis 12/24 months  [27]
(sheep) deficiency-induced bone loss.
Mechanical induction Resistance exercise Resistance exercise alleviates osteoporosis symptoms in Osteoporosis 4-12 weeks [28]
(rat/mouse) ovariectomized rats.
Special environment Cadmium exposure induces bone defects. Bone defects 3/4 months [29]
(cadmium exposure)
Mechanical induction Neurectomy Sciatic neurectomy disrupts both sensory and motor Bone defects 14-36 d [30]
(dog) branches, thereby inducing disuse by a complete faccid
paralysis.
Drug induction Teriparatide Bisphosphonates and teriparatide alter miRNA levels in bone  Osteoporosis 12-20 weeks [31]
(rat/mouse) and blood during treatment.
Puerarin Puerarin inhibits RANKL-induced osteoclast differentiation Osteoporosis 12-20 weeks [32]
in bone marrow macrophages and RAW264.7 cells.
Tobacco toxin Tobacco toxin induces bone marrow mesenchymal stem cell ~ Bone aging 12-20 weeks [33]
aging by inhibiting mitophagy.
Quercetin Quercetin alleviates osteoblast apoptosis by activating the Osteoporosis 12-20 weeks [34]
PI3K-AKT signaling pathway.
Drug induction Alloxan Alloxan causes the apoptosis of pancreatic islet B cells in Osteoporosis 4 months [35]
(zebrafish) zebrafish, which leads to osteoporosis.
Genetic engineering  Gene knockout Foxfl activates Wnt/(-catenin signaling in bone marrow Bone loss 6 weeks [36]
(mouse) (Foxfl KO) mesenchymal stem cells to reduce bone loss.
Gene knockout SIRT2 regulates liver-bone communication via extracellular Osteoporosis 6 weeks [37]
(SIRT2 KO) vesicles.
Gene knockout ENPP1 deficiency affects bone mass and mineralization. Bone metabolism  70/161 d [38]
(ENPPI KO)
Gene knockout Vitamin D receptor activation alleviates ferroptosis and Osteoporosis 3 months [39]
(VDR KO) senescence in osteoblasts.
Transgenic (RANKL Bone marrow adipose tissue-derived RANKL mediates bone Osteolysis 4 weeks-8 [18]
overexpression) resorption. months
Genetic engineering  Gene knockout GGPS1 and ATRAID promote the function of osteoclasts. Osteoporosis 28 months [40]

(zebrafish)

(GGPSI KO)

KO: knock out; VDR: vitamin D receptor.
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Animal fixation ~ Shave and sterilize ~ Resect bilateral Suture muscle Quantify bone

& anesthetics the surgical site. ovaries with and skin layers ~ mineral density

administration ~ Performa 1-2 cm microsurgical using absorbable (BMD) using micro-
longitudinal incision instruments, and confirm sutures. CT and dual-energy
along the ventral complete ovarian Administer X-ray absorptiometry.
midline or bilateral  excision via visual postoperative
subcostal regions. inspection. antibiotics.
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Fig 1 Flow chart of the construction of the classic animal model of osteoporosis
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Table 2 Animal models of vascular calcification

Model Method Pathogenic mechanism Disease Mpoiil)lélg Reference
Classical model High-fat diet and partial Partial nephrectomy is performed to mimic renal CKD, uremia, and ~ 8-12 weeks [18, 41-42]
(Fig.2) nephrectomy dysfunction-induced calcium-phosphate chronic renal
imbalance. failure

High-fat diet and APOE KO APOE KO mice develop lipid metabolism disorders Vascular calcification 4-20 weeks [43]
and vascular calcification.

High-phosphate/sugar/fat diet  High-phosphate/sugar/fat diets promote vascular CKD, diabetes,and N [43-46]
calcification. hyperlipidemia
Dietary induction Magnesium-supplemented diet Magnesium improves mitochondrial function and Vascular calcification 8 weeks [47-48]
antioxidant capacity to reduce vascular and progeria
calcification.
Special diet: Iron-dextran Iron overload induces calcium deposition. Renal failure and 4 weeks [49-50]
injection vascular
calcification
Dietary induction Alloxan injection Injection of alloxan can destroy the insulin-producing Vascular calcification 5-6 yesrs [50]
(monkey) B-cells of the pancreas.
Dietary induction Iron injection Iron overload induces calcium deposition. Vascular calcification N [51]
(rabbit)
Mechanical induction Surgical intervention (Hydrogel Hydrogel-tissue composites reduce calcification in Anti-calcification 45d [52]
composite implant cardiovascular implants. therapy
Genetic engineering  Gene knockout (Klotho KO) Klotho deficiency disrupts FGF23 signaling and Vascular calcification 8 weeks [48]
calcium-phosphate metabolism.
Gene knockout (Abcc6 KO) Vitamin D and calcium supplements accelerate Pseudoxanthoma 6 months [53]
calcification in Abcc6 KO mice (pseudoxanthoma elasticum
elasticum).
Gene knockout (AIF-1 KO) Aldosterone-induced vascular calcification via AIF-1 ~ CKD 16-18 weeks  [54]
signaling in CKD.
Gene knockout (STIM1 KO) Smooth muscle cell-specific STIMI deletion disrupts ~ Diabetes 14 weeks [55]
calcium homeostasis and endoplasmic reticulum
stress in diabetes.
Gene mutation (Lmna) Lmna mutation impairs redox balance and Progeria syndrome N [47]
mitochondrial function in progeria.
Gene mutation (ENPP1) ENPPI mutation causes systemic arterial calcification. Systemic arterial N [56]
calcification
Transgenic (MSXI and MSX2) MSX1/2 promotes vascular calcification by activating ~ Vascular calcification 8-N [57]
MDM2.
Transgenic (Tyk2) Tyk2 deficiency inhibits calcification-related gene CKD 8-N [58]
expression and signaling pathways.
Genetic engineering ~ Gene knockout (APOE KO) APOE KO rabbit develops lipid metabolism disorders ~Vascular calcification N [59]
(rabbit) and vascular calcification.
Ex vivo model Ex vivo model (Porcine heart) ~ Simulation of human vascular calcification in vitro. Vascular calcification N [60]

KO: knock out; CKD: chronic kidney disease.
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Fig 2 Flow chart of constructing the classical animal model of vascular calcification
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Table 3 Standardized evaluation criteria for osteoporotic animal models

Category Animal model type Osteoporosis criteria

BMD reduction (20%-30% in femur/spine), decreased trabecular volume, and significant drop in serum
estradiol/testosterone.
BMD reduction (15%-25%), trabecular thinning, and reduced biomechanical strength (30%-40% drop in

Hormone intervention Ovariectomy model

Glucocorticoid-induced

model 3-point bending load).
Disuse induced Suspension model Hindlimb BMD reduction (10%-15%), calcium-phosphorus imbalance, and reduced trabecular
connectivity.

Nutritional deficiency Low-calcium diet model Tibial/vertebral BMD reduction (15%-25%) and elevated serum BAP and TRAP (30%-50%).

Other types Streptozotocin-induced Reduced bone alkaline phosphatase activity (—30%) and trabecular structural damage (20%-25% volume

model loss).

Genetic engineering model The deletion of target gene expression was verified by gPCR or Western blot.

Combined modeling BMD reduction (20%-30%), trabecular volume loss (30%-40%), and elevated bone resorption markers
approach (CTX- | : 50%-100% increase).

F4 MESLHYEEITNARE
Table 4 Standardized evaluation criteria for vascular calcification animal models
Category Animal model type Calcification criteria

0: No calcification

1-10: Minimal (early stage)
11-100: Mild

101-400: Moderate

> 400: Severe

0-3: Mild

4-6: Moderate

= 7: Severe
Mild: < 10% calcified area

Moderate: 10%-30%

Severe: > 30%
0: None

1: Focal points

2: Localized

3: Patchy

4: Full-layer calcification

Imaging evaluation CT scan (Agatston score)

X-ray (Kauppila score)

Histopathological analysis ~ Von Kossa staining

Elastic fiber staining

Biochemical markers Serum calcium/Phosphorus Ca > 2.5 mmol/L, PO, > 3.0 mmol/L (significant increase, P < 0.05)

Alkaline phosphatase (ALP) = 30% increase

Tartrate-resistant acid phosphatase (TRAP) = 20% increase

Functional assessment Pulse wave velocity (PWV) PWV >5m/s

Biomechanical testing = 30% reduction in load-bearing capacity

Others Genetic engineering model The deletion of target gene expression was verified by qPCR or Western blot.
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